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ABSTRACT

The use of external modifications in the base region
to reduce the base drag of a blunt-base body in the
presence of jet engine exhaust was investigated in
flight. Base pressure data were obtained for the fol-
lowing configurations: (1) blunt base; (2) blunt base
modified with splitter plate; and (3) blunt base mod-
ified with two variations of a vented cavity. Reynolds
number based on the length of the aircraft ranged
from 1.2 x 102 to 3.1 x 108, Mach number M ranges
were 0.71 < M <€ 0.95 and 1.10 < M < 1.51. The
data were analyzed using the blunt base for a refer-
ence, or baseline, condition.

For 1.10 £ M < 1.51, the reduction in base drag
coefficient provided by the vented cavity configura-
tion ranged from 0.07 to 0.05. These increments in
base drag coeflicient at M = 1.31 and 1.51 result in
base drag reductions of 27 and 24 percent, respec-
tively, when compared to the blunt base drag. For
M < 1, the drag increment between the blunt base
and the modifications is not significant.

INTRODUCTION

The flight requirements of many aircraft can compro-
mise smooth aerodynamic lines in the base region.
These compromises can result in a base region with
high drag, such as a blunt base, as for example, the
blunt base caused by propulsion requirements or the
blunt base caused by the stability requirements of
hypersonic vehicles. It is usually desirable, if possi-
ble, to reduce the in-flight base drag of an aircraft.
Two- and three-dimensional experimental stud-
ies have shown that interfering with the vortex
formation caused by the wake of a blunt body
may reduce the base drag component due to vor-
tex shedding (Bearman, 1965; Goodyer, 1966;
Hoerner, 1965; Mair, 1965; Nash and others, 1966;
Powers and others, 1986; Roshko, 1954; Saltzman
and Hintz, 1967). In these cases, the vortex for-
mation was influenced by adding external modifica-
tions to the base. For example, incompressible, low
Reynolds number, wind-tunnel studies by Roshko
(1954) and Bearman (1965) have shown that the ef-
fects of vortex formation and hence the base drag
of a two-dimensional configuration could be reduced

by placing a splitter plate in the wake (a flat plate
placed normal to the base surface so as to form a
reattachment surface for the impinging separated
flow). Both the eddy shedding frequency and the
location of the vortices were affected by the splitter
plate. A quasi-two-dimensional flight study (Saltz-
man and Hintz, 1967) successfully demonstrated the
effectiveness of the splitter plate in reducing base
drag for Reynolds numbers near 107 and Mach num-
bers to 0.90. Another configuration successful in re-
ducing base drag is a cavity. The two-dimensional
wind-tunnel study of Nash and others (1966) showed
that a cavity at .the trailing edge of a blunt base
shape could also affect the vortex formation. The
base drag, for Nash and others (1966), was reduced
for subsonic Mach numbers but not for supersonic
Mach numbers.

These two-dimensional studies, and the three-
dimensional studies of Goodyer (1966), Mair (1965),
and Powers and others (1986), demonstrated that
external modifications in the base region can some-
times be effective in reducing the drag of blunt base
bodies. For these studies, the surface and base pres-
sures of the bodies were not influenced by a jet en-
gine exhaust. However, the base regions of airplanes
are often adjacent to, ahead of, or behind the jet
engine exhaust.

For instance, the blunt base fuselage closure of
the F-111 airplane is located between and behind
the airplane’s two jet engines. Because the effects of
jet exhaust on the adjacent surfaces are difficult to
predict, aft fuselage configurations similar to the F-
111 configuration were the subject of several wind-
tunnel investigations (for example, Re and others,
1967; Runckel, 1966; Wilmoth and others, 1968).
The flow interference effects about the aft fuselage
of the F-111 aircraft were also investigated in the
in-flight study of Taillon (1974).

The fuselage closure of the F-111 airplane pro-
vided an opportunity to study the in-flight base drag
reducing effectiveness of external modifications to a
blunt base body in the presence of engine exhaust.
Base pressure data on the fuselage closure were ob-
tained for the blunt base of the aircraft, and for
base modifications consisting of a splitter plate and a
vented cavity, respectively. Mach number M ranges
were 0.71 < M < 0.95 and 1.10 < M < 1.51.



NOMENCLATURE

area of blunt base, 2.55 ft?
A, area of slots for vented cavity, ft?
Cp, base drag coefficient

Cp base pressure coefficient

h base width, in

l length of splitter plate, in

M free-stream Mach number

P free-stream static pressure, 1b/ft?

Db base pressure, 1b/ft?

T, turbine discharge total pressure,
1b/ft?

W maximum width for lower portion of

blunt base, in

W minimum width at waist of blunt
base, in

Wy maximum width for upper portion of
blunt base, in

ACp, difference between Cp, of blunt base

and modified base

DESCRIPTION OF
EXPERIMENT

The blunt base fuselage closure of the F-111 aircraft
is located between the two engines (fig. 1). The
peanut-shaped fuselage closure, the base, and the lo-
cation of the base with respect to the engines is more
easily seen in figure 2. The distance between the cen-
terlines of the two engines, at the engine exit plane,
is 60 in. The engine exit plane is approximately 18 in
forward of the base plane of the fuselage closure.
The two engines are Pratt and Whitney (West Palm
Beach, Florida) TF30-P-3 axial flow, dual compres-
sor turbofans. Further details about the aircraft and
the propulsion system may be obtained from Cooper
and others (1977) and Painter and Caw (1979).
The three base shapes investigated—the blunt
base, the blunt base with a splitter plate, and the
blunt base with a vented cavity—are shown in fig-
ure 3. All joints and openings on the body surface
and in the base region were carefully sealed for each
of the configurations to ensure that air did not leak
from inside the fuselage. The blunt base (figs. 2 and
3(a)), as indicated by the name, provided an abrupt
(nearly a right angle) change in the surface contour.
The dimensions for the base are shown in figure 4.
The area A of the base (the area covered by the fuel
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dump is included) is 2.55 ft2. The fuel dump for the
aircraft is near the bottom of the fuselage closure
(see figs. 2, 3(a) or 3(e) for an end view; fig. 3(c)
for side view). The nominal dimensions for the fuel
dump are listed in table 1.

TABLE 1.—NOMINAL DIMENSIONS FOR

FUEL DUMP
Dimension Value, in
Length 12.0
Maximum width (ahead of exit)
Top-to-bottom 9.5
Side-to-side - 6.0
Fuel dump exit diameter 7.0

Two different splitter plate configurations (both
had the same nominal dimensions) were tested.
Originally, the only splitter plate configuration to
be tested was the aluminum splitter plate; however,
the 0.06-in-thick aluminum plate was severely buf-
feted during its only flight. The aluminum plate was
not damaged during the flight, but the support rods
broke loose and scored the plate. The 0.13-in steel
splitter plate, which replaced the aluminum splitter
plate, did not have a buffet problem. Both splitter
plates (figs. 3(b) and (c)) had a gap of 0.5 in between
the blunt base and the splitter plate. In other words,
neither splitter plate was flush with the surface. The
vertical dimension for the splitter plates was 25.0 in
and the longitudinal dimension was 14.0 in. The ef-
fective splitter plate length for each configuration is
14.5 in (sum of the gap width and the longitudinal
dimension). Thus, the ratio of the effective split-
ter plate length (14.5 in) to maximum base width
(14.4in) is 1.0. The significance of this ratio on base
pressure coefficient was demonstrated by Nash and
others (1966). Curves from Nash and others (1966)
are shown in figure 5. The splitter plate dimensions
used for the present study were derived from wind-
tunnel data (Nash and others, 1966) and structural
considerations of the present experiment.

The vented cavity modification is shown in fig-
ures 3(d) and 3(e). The sides of the vented cavity
were fastened to the outside of the fuselage closure
and in general continued the lines of the fuselage
closure. The joint between the vented cavity and
fuselage closure was carefully sealed to prevent air



leaks. The depth of the cavity, distance from the
base face to the trailing edge of the cavity, is 12.3 in.
There are 11 slots on each side (22 slots total), and
the length of each slot is 9.8 in. Two vented cavity
configurations were used for the study. The differ-
ence between the configurations was the slot width.
The V-shaped area at the top (fig. 3(e)) remained
the same for both configurations. The slot width
was 0.63 in for one configuration and 0.76 in for the
other configuration. These two slot widths resulted
in ratios of slot area (including the V-shaped area)
to blunt base area, A,/A, of 0.40 and 0.47, respec-
tively. The significance of this ratio on base pres-
sure coefficient was demonstrated by Nash (1965).
The curve from Nash (1965) is shown in figure 6.
The cavity and slot dimensions were derived from
wind-tunnel data and information contained in Nash
(1965) and from structural considerations of the
present experiment.

The locations of the seven pressure orifices are
shown in figure 4. These locations were used for
all the configurations. The orifices were manifolded
(fig. 3(a)); therefore, only one pressure was mea-
sured. Two differential pressure transducers (one
sensitive and one with a larger pressure range) were
used in measuring the pressure. The differential
pressure transducers were referenced to a plenum
pressure. The plenum pressure source was a static
orifice on the upper wing surface near the fuse-
lage. The plenum pressure was measured by a high-
resolution, absolute pressure transducer. Air data
quantities, such as free-stream impact and static
pressures, were obtained from high-resolution pres-
sure transducers connected to the aircraft’s nose
boom ports. The temperature environment was con-
trolled for each of the transducers to verify that these
transducers remained within the temperature limits
of their calibration during flight.

All the data obtained for the flight study were
recorded on magnetic tape using a pulse code modu-
lation (PCM) system. All records were synchronized
by a time code generator.

TEST PROCEDURES

Data were obtained for 1 min for each test point,
beginning after the airplane achieved steady-state

flight conditions (that is, flight conditions for which
the altitude and airspeed of the airplane were essen-
tially constant). Several samples were chosen from
each 1-min time period, and these samples were av-
eraged and then analyzed. The same nominal flight
conditions were repeated for each configuration to
help minimize any effects on base pressure that could
be caused by changes in engine afterburner condi-
tions, engine exhaust nozzle area, or in blow-in door
positions. The supersonic data for the vented cav-
ity with A,/A = 0.47 were limited to a maximum
Mach number of approximately 1.2 because other
experiments on the airplane imposed Mach number
limitations for those flights. Data were obtained for
at least two separate flights for each configuration
except the aluminum splitter plate, which was flown
for only one flight.

TEST CONDITIONS

Data were obtained for dynamic pressures of ap-
proximately 500 1b/ft? throughout the Mach num-
ber range. Some data were also obtained at addi-
tional dynamic pressures. The same nominal Mach
numbers of 0.71, 0.80, 0.90, 0.95, 1.10, 1.31, and
1.51 and their respective dynamic pressures were
obtained for each configuration. Aircraft, or free-
stream, angle-of-attack values ranged from 3.4° to
6.6° for the majority of the data. An exception to
this were a few angles of attack up to 8° for the
vented cavity with A,/A = 0.47. Aircraft, or free-
stream, sideslip angles were between +0.5°, except
for a few that were near —1.0°. The rudder was
in the zero, or null, position for all the tests. The
aircraft was long enough that incidental changes in
transition location would not affect the data; there-
fore, the turbulent flow Reynolds number was based
on the aircraft body length of 72 ft and ranged from
1.2 x 10® to 3.1 x 108.

BASE DRAG COEFFICIENT
ANALYSIS

The base drag coefficient Cp, for each configuration
is calculated from the following equation

Cp, = —Cp, = —(p» — p)/.TM?p



where
C is base pressure coefficient
Py ’
P free-stream static pressure, and
M free-stream Mach number.

Because the base pressure is measured from a seven-
orifice manifold, the base drag coefficient is an aver-
age value for the base.

Increments between the base drag coefficients
of the blunt base and the modifications were used
to evaluate the effectiveness of the different con-
figurations. The standard deviation for the incre-
ments in the base drag coefficient is estimated to
be +0.007. Considerations used in obtaining this
value for the standard deviation are (1) the repeata-
bility of the data, (2) the steady-state flight con-
ditions maintained during the test points, (3) the
fact that average data were obtained from each test
point, and (4) the free-stream static pressure and
the free-stream Mach number were obtained from a
calibrated nose boom.

RESULTS AND DISCUSSION

Averaged data are presented in this section for each
configuration. The data for the blunt base is the
baseline, or reference, condition. The possible ef-
fects of angle of attack or Reynolds number on the
base drag coefficient at a given Mach number were
investigated for each of the base configurations, but
no apparent relationship was detected. The lack of
a relationship was not unexpected because turbu-
lent flow begins far upstream of the base region, and
turbulent flow is relatively insensitive to the modest
excursions in angle of attack and Reynolds number
experienced during this study. Also, the base drag
coefficient, at a given Mach number, was not found
to be a function of either the different wing sweeps
or the different dynamic pressures.

Before presenting base drag coefficients, the en-
gine operating conditions for the different configu-
rations are compared. Because the same nominal
Mach numbers and altitudes were repeated for each
configuration, the engine afterburner conditions, en-
gine exhaust area, and blow-in door positions are
approximately the same for each configuration. The
engine parameter used to compare the repeatability
of the engine conditions is the average of the ratio of

turbine discharge total pressure to free-stream pres-
sure, pr, /p. In figure 7, pr, /p is shown as a function
of Mach number for all the configurations. In gen-
eral, the agreement between the average values for
the blunt base and the modifications is good. One
exception is the vented cavity with A, /A = 0.47 for
M > 0.9. Except for these data, these comparisons
provide assurance that, at a given Mach number,
any differences observed between the base drag co-
efficients for the blunt base and the modifications are
caused by the modification and these differences are
not significantly influenced by propulsion factors.

The average base drag coeflicients for each of
the configurations are compared as a function of
Mach number in figure 8. The negative base drag
coefficients observed for M < 1 mean, of course, that
the base surface actually is providing some thrust in-
stead of adding to the total aircraft drag. The neg-
ative base drag coeflicients, while not typical, have
been observed for other base drag coefficients in the
presence of jet exhaust (Saltzman and others, 1968)
and were also observed for the F-111 fuselage clo-
sure study of Taillon (1974). The drag differences
between the configurations are small in this Mach
number region.

The crossover Mach number, the Mach number
where the base pressure coefficient is zero, is approx-
imately 1.1 for the blunt base and the splitter plate,
and closer to 1.2 for both vented cavities. The base
drag increases as Mach number increases from 1.10
to 1.51. However, the vented cavities have less base
drag than either the blunt base or the splitter plate.

The increment of base drag coefficient between
the blunt base and the various modifications is
shown as a function of Mach number in figure 9. For
M < 1, the increment between the blunt base and
the various modifications is near zero for much of the
data, with the splitter plate (square symbols) having
marginally less drag than the blunt base. The max-
imum increment observed in this Mach number re-
gion 1s approximately 0.01. However, the estimated
standard deviation, as stated in the previous section,
is £0.007 for 0.71 < M < 1.51. Thus, the increment
between the blunt base and the various modifications
is not considered significant.

For M > 1, the vented cavity with A,/A = 0.40
(diamond symbols) has significant reductions in base
drag coefficient. The reductions range from 0.05 to



0.07. The 0.02 reduction in base drag coefficient
for the splitter plate at 1.51 is offset by the small
increases (less than —0.01) at 1.10 and 1.31 Mach
numbers. The increments for the vented cavity with
A, /A = 0.47 are not shown because of possible ef-
fects of pr, /p on base drag coefficient. For M > 1,
this configuration had pr,/p values significantly dif-
ferent from the other configurations.

To relate these increments to base drag reduc-
tion, assume a flight condition having a free-stream
dynamic pressure of 500 1b/ft2. For this dynamic
pressure, altitude varies from 31,400 to 44,300 ft as
Mach number increases from 1.10 to 1.51. Then,
for the 2.55-ft2 base area of this study, each 0.01
increment in base drag coefficient means a 12.75-1b
reduction in base drag. The base drag reductions
obtained for the vented cavity with A, /A = 0.40 for
each test supersonic Mach number are presented in
table 2.

TABLE 2.—BASE
DRAG REDUCTIONS

Base drag

Mach  Increment, reduction,
number ACp, 1b
1.10 0.07 89
1.31 0.05 64
1.51 0.06 76

The increments in base drag coefficient at Mach
numbers of 1.31 and 1.51 result in base drag re-
ductions of 27 and 24 percent, respectively, when
compared to the blunt base drag. Because the base
drag coefficient for the blunt base is near zero for
the 1.10 Mach number data, the percentage change
is not calculated.

These reductions in base drag are translated to
a change in total aircraft drag for the 1.51 Mach
number data. A 500 1b/{t? dynamic pressure is again
assumed (corresponds to an altitude of 44,300 ft).
Then for an angle of attack of 5.4°, a drag coeffi-
cient of 0.049 was obtained from Cooper and others
(1977). Using the F-111 TACT wing area of 604 ft2,
the 76-lb base drag reduction resulted in 0.5 per-

cent reduction in total aircraft drag or a 0.5 percent
increase in range.

CONCLUSIONS

The use of external modifications in the base region
to reduce the base drag of a blunt base body in the
presence of jet engine exhaust was investigated in
flight. Base pressure data were obtained for the fol-
lowing configurations: blunt base, blunt base modi-
fied with splitter plate, and blunt base modified with
two variations of a vented cavity. Reynolds num-
ber based on the length of the aircraft ranged from
1.2 x 10% to 3.1 x 108. Mach number M ranges were
071 < M <€ 0.95 and 1.10 < M < 1.51. The data
were analyzed using the blunt base for a reference,
or baseline, condition. The analysis led to the fol-
lowing conclusions:

1. For 1.10 < M < 1.51, the reduction in base
drag coefficient provided by the vented cavity base
ranged from 0.07 to 0.05. Base drag reductions of
89, 64, and 76 1b were obtained for Mach numbers
of 1.10, 1.31, and 1.51, respectively, for a dynamic
pressure of 500 1b/ft2. The increments in base drag
coefficient at Mach numbers of 1.31 and 1.51 result
in base drag reductions of 27 and 24 percent, respec-
tively, when compared to the blunt base drag.

2. For M < 1, the base drag coefficients are
negative (the base surface is actually providing some
thrust) for all the configurations and become more
negative as Mach number increases from 0.70 to
0.96. The crossover Mach number, the Mach num-
ber where the base drag coefficient is zero, is ap-
proximately 1.1 for the blunt base and the splitter
plate base and closer to 1.2 for both vented cavi-
ties. The base drag becomes significantly positive as
Mach number increases from 1.10 to 1.51.

3. For M < 1, the increment between the blunt
base and the various modifications is not significant.

Ames Research Center

Dryden Flight Research Facility

National Aeronautics and Space Administration
Edwards, California, June 18, 1987.
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Figure 1. In-flight photograph of the F-111 TACT aircraft.

Figure 2. Rear-view photograph of the F-111 aircraft. Nozzles are fully open.
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Fuel dump

(a) Blunt base. Orifices are in the tube manifold.
Figure 3. Photographs of tested base configurations.



(b) Side-view of blunt base with steel splitter plate.
Figure 3. Continued.



view of blunt base with aluminum splitter plate.

(c) Side

Figure 3. Continued.
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(d) Side-view of blunt base with vented cavity.
Figure 8. Continued.
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(e) Blunt base with vented cavity, viewed from rear.
Figure 8. Concluded.
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Figure J. Sketch showing size of base and locations of
the orifices o on base. Orifices are in tube manifold. See
figure 3(a). Distances are given to orifice center.
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Figure 5. Variation of base pressure coefficient with
splitter plate length. Curves from Nash and others,
1966.

-2
Cpb -1 \

| ] | |

0 2 4 6 8

Figure 6. Variation of base pressure coefficient
with slot area for Mach number 3.1. Curve from

Nash, 1965.
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Figure 7. Comparison of average ratio of turbine discharge total pressure to free-stream pressure for
the different configurations.
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Figure 8. Comparison of average base drag coefficients for the different configuration.
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Figure 9. Increment between base drag coefficient of blunt base and modifications,
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